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Abstract

The surface energy balance directly affects vertical gradients in
temperature and specific humidity within the atmospheric surface
layer, and these gradients influence optical turbulence. This study
was conducted toimprove current understanding of the partitioning of
energy at the ground surface of a bare soil field and its influence on
the characterand intensity of optical turbulence as represented by the
refractive index structure parameter, C?, and toimprove micrometeo-
rological models of the surface energy balance. The field study
entitled “Radiation Energy Balance Experiment for Imagery and
Electromagnetic Propagation” was conducted by the United States
Army Atmospheric Sciences Laboratory and the United States De-
partment of Agriculture Agricultural Research Service, at Bushland,
Texas, during May and July 1992. The following were collected:
diurnal radiation; evaporation (directly measured by large weighing
lysimeters); five-level micrometeorological profiles of wind speed, air
temperature, and relative humidity; soil temperature and volumetric
water content; soil heat fiux; optical turbulence (scintillometer); and
near- and far-field infrared imager data over wet and dry bare soil for
clear and cloudy sky conditions. Initial results from the modeling
effortsindicate excellent agreement between measured and modeled
values of radiation/energy balance fluxes andC?, for one day. Future
model evaluation will extend over the wide range of conditions
encountered during the field study.

1. Introduction

Understanding surface radiation/energy balance
processes is important for estimating evaporation
rates and understanding surface-layer temperature
and moisture gradient structure. Both the Department
of Defense (DoD) and the U.S. Department of Agricul-
ture (USDA) are interested in the development of
numerically efficient methods or models to describe
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the partitioning of the net radiative flux into sensible,
latent, and soil heat fluxes and the impact of surface
fluxes on atmospheric profile structure. To make
efficient use of limited fiscal and personnel resources,
an integrated, multiagency effort was initiated to col-
lect new and modern data in order to be able to
improve currentmodels. This cooperative DoD-USDA
research-oriented field program, the Radiation and
Energy Balance Experiment for Imagery and Electro-
magnetic Propagation (REBAL '92), was organized by
the U.S. Army Atmospheric Sciences Laboratory (ASL)
and the USDA Agricultural Research Service (ARS)
Conservation and Production Research Laboratory
(CPRL). REBAL '92 was conducted at Bushland,
Texas, atthe ARS/CPRL experimental site in May and
July 1992. The site was chosen because of the
diversity of meteorological, agricultural, and radiation
sensors already in place. The planning and design
phases for the experiment were influenced by the
availability of directmeasurementtechniques for evapo-
ration, soil temperatures, soil heat fluxes, and volu-
metric water content; parameters that are not readily
available to the micrometeorological experimenter.

REBAL *92 was initiated to improve our knowledge
base on radiation/energy balance partitioning and to
characterize surface-layer micrometeorological pro-
cesses over wet and dry soil surfaces. The project’s
goals were the following.

1. The collection of radiation, evaporation, microme-
teorological profile, and optical turbulence scintil-
lometer data overwetand dry bare soil, under clear
and cloudy skies. In addition, infrared imager (i.e.,
IR video camera) data in a near-field/far-field con-
figuration were collected simultaneously to char-
acterize the effects of optical turbulence on a
heated surface with an overlying grid (i.e., thermal
bar pattern) to determine the temporal turbulent
distortions of an imaged target (Watkins et al.
1991). Although the IR photography (in the midst of
atmospheric effects and optical turbulence) was
included, its particular application to image en-
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hancement and battlefield target identification is
beyond the scope of this presentation.

2. The evaluation, refinement, and verification of two
energy balance models described by Evett and
Lascano (1993) and Rachele and Tunick (1992).

The first of these two models was formulated to
extend our knowledge of the energy balance fluxes,
especially the evaporative or latent heat flux, for
applications such as predicting crop water use and to
improve irrigation scheduling and crop growth models.
The second model directs its attention to the effects of
the atmosphere that are basic to the performance of
advanced, high-resolution systems and sensors, in-
cluding lasers and imaging systems. This research
effort attempts to derive reasonable estimations of the
energy balance fluxes in order to determine the sur-
face-layer structure of atmospheric profiles. By apply-
ing the basic Obukhov (1971) dynamic similarity of
flows theory to the flux—gradient relationships as
advocated by Dyer (1974) to radiation/energy balance
model outputs, we can evaluate a quantitative esti-
mate of the refractive index structure parameter. In
this paper it will become very apparent that scintillom-
eter data are critical for the ultimate verification and
evaluation of the energy balance and electromagnetic
propagation models.

The purpose of this paper is to present an overview
of the REBAL ’92 experiment including project objec-
tives and goals, field site description, experimental
layout, instrumentation, preliminary observations, and
initial model results from the test dataset. An overview
of a C*>-energy flux model is also given.

2. Site description

The test site at ARS/CPRL in Bushland, Texas
(35°N, 102°W, 1170-m elevation MSL), is approxi-
mately 16 km due west of Amarillo, Texas. The
topography is relatively level with a slope to the SE of
less than 0.15%. There are no vertical obstructions
near the field, and over 1000 m of cropped or fallow
agricultural fields provided unobstructed upwind fetch
in the predominant summer wind direction (SSW).
Four weighing lysimeters are located in a 20-ha (hect-
are) field with each lysimeter centered in a 4.6-ha
subfield (210 m x 225 m).

Thetestarea (the NW and SW subfield) was a tilled,
bare soil (Pullman clay loam) expanse approximately
210 m x 450 m (Fig. 1). Irrigated and dryland wheat
fields (NE and SE lysimeter fields, respectively) were
directly east of the test area. Prior to the July REBAL
'92 study period, these wheat fields, as well as dryland
wheat to the south of the test area, were harvested
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leaving a short stubble residue. A standard weather
station was located about 220 m east of the test area.
Daily average temperatures, wind speeds, and solar
radiation as well as 15-min barometric pressures were
measured at this station.

3. Experimental layout

Micrometeorological profile data (wind speed, air
temperature, and relative humidity) were measured
on an 8-m tower, shown in Fig. 2, centered in the test
area. Data were collected at 0.5-, 1-, 2-, 4-, and 8-m
above the surface. Six radiometers and one infrared
thermometer (IRT) measured the radiation balance
components at a site approximately 80 m north of the
profile tower, about 15 m south of the NW lysimeter.
Wind speed, wind direction, temperature, and relative
humidity were also measured at the radiation site at 2
m. Table 1 contains a list of the instruments deployed
in the REBAL ’92 experiment.

The ASL Mobile Imaging and Spectroscopy Labo-
ratory (MISL) trailer (Fig. 3) was located at the north
end of the test area. The trailer contained the far-field
imaging equipment (i.e., video cameras and record-
ers). A 0.94-um scintillometer source module was
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Fic. 1. The experimental test site.
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TasLE 1. List of instruments* deployed in REBAL "92.

Parameter/equipment Manufacturer/model Deployment
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S
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Table continued on next page —
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Table 1. (Continued)

Opticalturbulence/electromagneticimaging

B

Visible cameras/lens
zoom lens

Target contrast board US Army ASL

s

Image registration

Sony NTSC DX 102s 10-power

Recognition Concepts Inc.

Nto S; 50- and 450-m paths; 2 m

e

S end of field

N end of field (MISL van)

Target met tower

Airtemperature/relative humidity
(nonaspirated)

B

Barometric pressure

Visibility HSS VF-500-100.

Campbell Scientific 207

Intellisensor AIR-DB

2 and5m

*The use of corporation or company names with regard to instrumentation and equipment used does not constitute an endorsement by

either the U.S. Army or the USDA-ARS.

mounted 2 m above ground on a tripod located adja-
cent to the MISL trailer. The imaging cameras and the
scintillometer were aligned and focused downfield
(i.e., to the south) over a path of approximately 450 m.

The receiver module of the scintillometer, the target
board (a thermally heated board with an overlying grid
orbarpattern), a small storage van used as a vehicular
target (i.e., an alternate IR source to photograph), and
an auxiliary 5-m instrumented tower were located at
the south end of the test area (Fig. 4). Instrumentation
on the auxiliary tower measured 2- and 5-m elevation
wind speed and direction, air temperature, relative
humidity, solar radiation, barometric pressure, soil
temperature (100-mm depth), and visibility near the
target board to provide site-specific data for the target
contrast board environment at a frequency synchro-
nized with the imagery data.

a. Data collection summary

Micrometeorological profile data and radiation/en-
ergy balance data were collected in May 1992 (DOY
132-141) and in July 1992 (DOY 190-197). Scintil-
lometer and infrared image data were collected during
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selected periods listed in Table 2 within that time
frame. The field was sprinkler irrigated once on DOY
132 while significant rainfall events (i.e., more than
trace rainfall) occurred on DOY 136, 141, 191, and
192. Table 2 also summarizes weather conditions
during the data collection periods. Daily solar radiation
data provides a good indication of daytime cloudiness
or lack of cloud cover. For example, we know from
personal ground observations made during the field
test that DOY 134, 141, and 192 had considerable
cloud cover. Additionally, two daily radiosonde obser-
vations and hourly cloud observations were recorded
and four daily surface weather charts were provided
during both data collection periods by the National
Oceanographic and Atmospheric Administration
(NOAA) National Weather Service (NWS) Office in
Amarillo, Texas (about 35 km east of the field site).

b. Lysimeter measurements

The lysimeter is an intact soil monolith (3 m x 3 m
square and 2.4 m deep) that can be weighed to amass
equivalent of 0.02-0.05 mm of water, which corre-
sponds to an hourly evaporative flux of approximately
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Fic. 2. The 8-m instrumented tower located at the center of the
experimental site. Wind speed, wind direction, temperature, and
relative humidity were measured on the mast.

14-34 W m-2 (Marek et al. 1988; Steiner et al. 1991).
The lysimeters directly measured the water mass
contained in the soil monolith. The change in this mass
is the evaporation rate. The water mass was mea-
sured at 0.5-Hz frequency, averaged for 5-min peri-
ods, the difference between successive 5-min periods
was averaged for 15-min periods, and these 15-min
evaporation rates were smoothed using a three-point
equally weighted running mean. The latent heat flux
(in watts per meter?) was computed as the product of
the evaporation rate (kilograms per meter? per sec-
ond) and the latent heat of vaporization (joules per
kilogram). At each lysimeter, net radiation, reflected
solar radiation, surface temperature, soil heat flux (50
mm depth), soil temperature (averaged for the 10-and
40-mm depths), wind speed profile (0.8-, 1.3-, 1.8,
and 2.3-m elevations), and dry- and wet-bulb tem-
peratures (1.3- and 2.3-m elevations) were measured
at0.17 Hz and averaged for 15 min. Soil heat flux was
corrected calorimetrically to the surface using the
change in soil temperature above the plates and the
soil heat capacity (Fritschen and Gay 1979).
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c. Target contrast characterizer

The target contrast characterizer (TCC) compares
infrared scene features collected simultaneously from
an imager located near the target and from an opti-
cally matched imager located far from the target. The
imagers share a common line of sight with the target,
and the “near-field” images are transmitted over a
video fiber-optics data cable to the far-field position
for processing and recording. The “far-field” imager is
coupled to a telescope of sufficient power to provide
far-field images of the same dimensional field of view
in the target plane as the near-field images. Pixel-to-
pixel frame registration, critical to the success of this
technique, is obtained through the use of a Recogni-
tion Concepts, Inc., real-time image processing sys-
tem. The TCC quantifies the effect of optical turbu-
lence on imagery by measuring the atmospheric
modulation transfer function (AMTF). A target board
measuring 1.78 m x 1.78 m with uniform surface
temperature was used to measure the AMTF. A bar-
pattern mask placed in front of the target board
produced sharp hot-to-cold bar radiance transitions
needed for these measurements. Video signals from
visible, 3-5-um, and 8-12-umimagers were recorded
on VHS video tape. For the REBAL '92 study, the
near-field imager was placed 48 m from the target
board and the far-field imager, coupled to a 10-power
telescope, was placed approximately 450 m from the
targetboard. The TCCis describedin detail in Watkins
et al. (1991).

d. Scintillometer measurements

A scintillometer is a ground-based, remote-sensing
instrument designed to measure optical turbulence
intensity along a line-of-sight path established be-

Fic. 3. The MISL trailer and the source module of the scintillometer,
mounted on a 2-m tripod, were located at the north end of the field
site.
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TasLE 2. Summary of weather conditions during REBAL "92 in May and July 1992, Bushland, Texas.

Daily solar Daily mean Rain or
Day of T min dew radiation 2-m wind speed irrigation
year (°C) (°C) (°C) (MJm3) (ms™) (mm)
132+ 26.4 54 23 28.3 24 (32.00)

27.9

0.00

33.9

30.1

196+

26.8 2.7

N
Here, T . T .

and T__, are daily maximum, minimum, and mean dewpoint temperatures, respectively, measured from a standard

weather shelter at 1.5-m height about 220 m east of the REBAL '92 field.

*Days when scintillometer and infrared image data were collected.

Fic. 4. The target board, source van, receiver module of the
scintillometer, and an auxiliary 5-minstrumented tower were located
at the south end of the field site.
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tween a transmitter and a downrange receiver. Scin-
tillometer operation is based on the principle that
scintillations or light intensity variations occur as atmo-
spheric density discontinuities create refraction ef-
fects in light propagating along a path as indicated by
Clifford et al. (1974). The refractive index structure
parameter, C?2, is related to the intensity of these
refraction effects.

4. C*-energy flux model

Carson (1987) defined the energy flux balance at
the soil surface as

R =H+LE+G, (1)

where A is the netradiative flux, H is the sensible heat
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flux, L’E is latent heat flux with L” as the latent heat of
vaporization (2.45x 10° J kg™') and E as the evapora-
tion rate in kilograms per meter? per second, and G is
soil heat flux; units are in watts per meter. During
REBAL’92, R , E, and G were measured directly (net
radiometers, lysimeters, and soil heat flux plates/
thermocouples, respectively), while H was computed
as the residual; determined with an accuracy of about
+40 W m~2 or better. Carson (1987) also defined the
net radiative flux at the soil surface as the sum of the
net shortwave radiative flux and the net longwave
radiative flux as

Hn = Rs - Rsr + Hli - 'qle’ (2)

where R_is incident solar radiation, R, is reflected
solar radiation, R, is sky emitted longwave radiation,
R is ground emitted longwave radiation, and the units
are in watts per meter. The shortwave reflection,
albedo, is computed as R_/R_. The effects of surface
soil water content, surface roughness, and solar el-
evation angle on albedo is part of the REBAL '92 study
along with the characterization of the net longwave
radiative flux as affected by different cloud type,
amount of cloud cover, and surface soil water content.

A key element of the REBAL ’92 field study was the
application of radiation/energy balance measurement
and modeling to estimation of the intensity and chatr-
acter of optical turbulence as induced by atmospheric
surface-layer processes. The following equations are
presented in an effort to demonstrate our approach
wherein the temperature and moisture flux-gradient
hypothesis is applied to computations of refractive
index gradients and in turn the refractive index struc-
ture parameter. While the formulations in the literature
are often obscured with unnecessary complexity, the
following presentation should allow those familiar with
the concepts of similarity scaling constants to readily
digest its content and gain some amount of apprecia-
tion for our objectives.

The refractive index structure parameter can be
expressed as in Tatarski (1961):

K, (on)
Cﬁ(z)=b;%[a—z) : (3)
where

b = Obukhov—Corrsin constant = 3.2 (Panofsky 1968;
Wyngaard 1973; Andreas 1988; Hill 1989),

€= energy dissipation rate = u*(¢_— {)/kz (Panofsky
1968),

z = height above ground,
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K,, = turbulent exchange coefficient for heat =
ukz/¢,(0),
k= von Karman’s constant = 0.4,
u* = friction velocity,
¢, (&) =dimensionless lapse rate = (1-15{) "2 for{< 0
=1+5ffor (>0,
¢,.() =dimensionless wind shear=(1-15¢)""*for{ <0

¢, =¢,for >0
(Dyer 1974; Hicks 1976),
{ = scaling ratio = z /L,
L=0Obukhov scalinglength =u*26/kg6? (Busch 1973),
6 = potential temperature,
6 = virtual potential temperature scaling parameter,
g = gravitational acceleration,
dn/dz = the gradient of the mean refractive index.
The expression we use for determining 9n/oz is
based on expressions given by Andreas (1988). How-
ever, we modified Andreas’ formulations, which are
expressed in terms of temperature and absolute hu-
midity gradients, to expressions in terms of potential
temperature and specific humidity gradients as re-
guired by Tatarski (1961). For the visible region and
near-infrared wavelengths from 0.36 to 3 um (as
denoted by the subscript v) Andreas (1988) writes:

n, =1+ {M,(a)$+4.615[M2(1)— M1(/1)]O}10‘6,
(4)
where

6839.397 = 45.473 5
130-¢® 38.9-56°' )

M,(1)=23.7134 +

M,(2) = 64.8731 + 0.580580° — 0.0071150* +
0.0008851 0%, (6)

where ois A" in micrometers, Q is absolute humidity
(kilograms per cubic meter), Pis pressure in millibars,
and T istemperature in degrees Kelvin. Transforming
Eq. (4) in terms of potential temperature (6) and

specific humidity (q) yields
P
0-y4(z-2z
n, =1+ ?/d( r) Pq 107°
1.60948| M, (A) - M (A)|————+~— ’

(7)

where z is the reference level height and y, is the dry
adiabatic lapse rate.

427



For steady-state, homogeneous conditions, Eq. (7)
yields

on P Pq) .~ 90
== {-/\//1(/1)F ~1.61M,(A) - M1(A)]?5}10 =
P, .6 Bq
1.64M,(A)-M,(1)|=10" —,
+ [ 2( ) 1( )]T 82
(8)
where
8 0* 9 q*
ov_Y_ d &=
0z kz ¢ an 0z kz O ©)

In this model we use either the measured or the
modeled energy fluxes of sensible heat and latent heat
(Rachele and Tunick 1992) to determine the similarity
scaling constants for potential temperature and spe-
cific humidity as

i H . . LE
pL’u*:

pcpu * ! (1 0)
where p is air density, ¢, is specific heat, and L’ is the
latent heat of vaporization. We introduce our method
for determining the surface friction velocity, u*, which
we feel is highly equivalent to the methods presented
by Paulson (1970) and Benoit (1977). Our method
involves an iteration whereby after an initial guess for
u* (sayu*=0.1V),whereV isthe reference leveltotal
horizontal wind speed, each successive estimate is
approximated by

10 WIND SPEED (m/s)

Olllllll\\ll
0 2 4 6 8 10 12 14 16 18 20 22 24

TIME (CST)

Fic. 5. Wind speed data at 2 m for DOY 191, Bushland, Texas.
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X V.k

Z;

[Inx.—1 + 2tan‘1(x)} :
x+1 2

(11

where z, is the roughness length and

z 1/4 z
x=(1—151) for —<0

: (12)

z z
=1+5— for —>0
X=1+5 or > (13)

and

3
-u* evrpcp

L= .
kg(H+0.61 6, LLE)-

(14)

4

In this expression for the Obukhov length, 6, =
6.(1+0.61g,), where the subscript r denotes the
reference level (i.e., 2 m) value. ltis clear that given 2-
m values for sensible heat, latent heat, wind speed,
temperature, and specific humidity, one can numeri-
cally determine a value for the refractive index struc-
ture parameter. Additionally, we have developed a
simple method for determining the similarity scaling
constants from multiple levels of discrete micrometeo-
rological tower data (Rachele et al. 1992). The C>-
energy flux model can be modified to accommodate
tower data gradients without significant difficulty.

5. Preliminary results

Energy balance and C? measurements on DOY
191 will be used to illustrate a portion of the data
collected during REBAL '92. Figures 5 and 6 show the
measured, 30-min-averaged wind speed and wind
direction at2 and 8 m, respectively, for DOY 191. Wind
speeds noticeably increased about 1 h after sunrise
and remained moderately strong for most of the day.
Wind directions were predominantly south-southwest
during DOY 191, until the onset of a thunderstorm
around 1900 CST. Half-hour-averaged air tempera-
ture and dewpoint temperatures at 2-m elevation for
this day are shown in Fig. 7. The maximum air
temperature was close to 35.0°C. Figure 8 illustrates
the observed, 30-min averaged energy balance com-
ponents on DOY 191. The comparatively small mag-
nitudes of the soil and latent heat flux components
appropriately coincide with the very dry field condi-
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180+
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TIME (CST)

Fia. 6. Wind direction data at 8 m for DOY 191, Bushland, Texas.

tions on this day. Figure 9 illustrates good agreement
between C? measured by a scintillometer (30-min
averaged data) and calculated from measured sen-
sible and latent heat flux data [Egs. (1-10)]. The
comparison shows exceptional agreement consider-
ing the complexity of the problem. Since we assume
“zero-gradient” conditions at a neutral period (i.e., a
C2minimum), the measured structure parameter data
suggests that the scintillometer may not have been as
optimally operated as we would have liked such that a
more definitive minimum “spike” would be detected.
This is more often the case as reported by other optical
turbulence experimenters (R. Endlich 1992, personal
communication). We may conclude, however, thatgiven
reasonable values for the energy flux components,
whether measured or modeled, or when deriving the
temperature and moisture gradients from microme-
teorological profile data, the character of the optical
turbulence as represented by the refractive index

o RADIATION/ENERGY FLUXES (W/m=+2)

—— NET HADIATION
—— SOl HEAT FLUX
—*— SENSIBLE HEAT FLUX

600

400+

2001

-200
-400

L I I

~600
0 2 4 6 8

10 12 14 16 18 20 22
TIME (CST)

Fis. 8. Radiation and energy flux data for DOY 191, Bushland,
Texas.
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Fia. 7. Air temperature and dewpoint temperature data at 2 m for
DOY 191, Bushland, Texas.

structure parameter, can be accurately and quantita-
tively estimated.

6. Summary |

A field study entitied “Radiation and Energy Bal-
ance Experiment for Imagery and E.M. Propagation”
(REBAL ’92) was conducted cooperatively by the U.S.
Army ASL and the USDA-ARS/CPRL at Bushland,
Texas, in May and July 1992. A unique set of radia-
tion—energy balance, micrometeorological profile, scin-
tilometer, and infrared imager data were collected
over wet and dry bare soil, under clear and cloudy sky
conditions. Initial evaluations indicate excellentagree-
ment between the measured C? and estimates of the
parameter using measured energy fluxes of sensible
and latent heat. Modeling of the radiation—energy
balance will be evaluated in future research.

Cn2 (m=**-2/3)

1.000E- 11— ——
;I —e— Cn"2 (Modeled) j
1.000E-12 §L+ Cn 2 (Measured)gl ‘
s |
1.000E- 13} ‘
1.000E- 14 5 \
1.000E- 15 |
1.000E- 16—~ ’
0 2 4 6 8 10 12 14 16 18 20
TIME (CST)

Fic. 9. Measured (at 2 m) versus modeled C? data for DOY 191,
Bushland, Texas.
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The utility of the newly acquired data will be vast.
The nighttime micrometeorological information lends
itself to initiate studies of nocturnal processes associ-
ated with energy balance. As stated in the introduc-
tion, the IR and visible video imagery has potential
applications in studies of image enhancement and
target identification in the midst of optically degrading
atmospheric phenomena. The evaporation, soil mois-
ture, and wind data are critical to enhancing the core
of understanding related to agricultural concerns.
Finally, we have completed the task of designing and
executing a field program that, in and of itself, will help
us to understand radiation—energy balance processes
with a more pragmatic outlook.
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